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We have studied muon-produced hadrons from a deuterium target. The structure func-
tions and the charge ratios are reported for neutrons; the transverse momentum and az-
imuthal distributions are reported for deuterons. The structure function for the neutron
is similar to that of the proton. The charge ratio of produced hadrons follows the expec-
tation of a simple spin-2 quark model. Transverse-momentum results agree with those
at lower energy and are similar to those from hadron-hadron interactions. No azimuthal
anisotropy is seen.

In a previous paper' we reported measure-
ments of the hadron spectra from virtual-photon
interactions with protons. In this paper we ex-
tend these measurements to neutrons. The data
were obtained using the muon scattering facility
at Fermilab and comprise 2.1&& 10"muons in-
cident on 8.4 g/cm' of liquid hydrogen and 1.84

&& 10'2 muons incident on 20.1 g/cm' of liquid deu-
terium. Approximately 3800 and 7300 muon scat-
ters from hydrogen and 7300 muon scatters from
deuterium, having q'&0. 5, form the data base.

The hadron invariant structure function for the
neutron is

F„(x')

, 1 E* 1 d'v
p r

7J (p g2 p 2)1/2 g dp 2dxI

where x'= p~~* /(p~, „*'-p'r)'" is a Feynman
scaling variable, and pr, p2*, E*, p, „*are re-
spectively the transverse momentum, longitudi-
nal momentum, energy, and maximum momen-
tum of a hadron in the center-of-mass system
for the virtual photon and neutron. The square
of the center-of-mass energy is s =2M„v+M„'
—q' where M„ is the neutron mass, v is the lab
energy lost by the scattered muon, and —q' is
the square of the mass of the virtual photon.
F„(x') is derived from the corresponding deuter-
on and proton structure functions as follows.

We assume that the deuteron-muon inclusive
cross section v„(q', s) is the sum of the neutron
and proton cross sections. We also assume the
hadrons per deuteron interaction are the sum of

E„(x')= —"Fe(x') —~F~ (x') .
+n n

(2)

The ratios o'„/o'„and o'~/o'„are functions of &u

= 2m v/q' and are taken from inelastic electron
scattering experiments. ' The muon inclusive
data are consistent with these but have less ac-
curacy. The hadron charge ratio is obtained in
an analogous way.

The apparatus and methods were described in
Ref. 1. The corrections applied to the data are
the same except for the deuteron radiative cor-
rection and the increased rescattering in the
denser deuterium. Detailed radiative correc-
tions, beyond the subtraction of the elastic tail,
have negligible effect on the results. Correc-
tions for the Fermi motion of the nucleons in the
deuteron or for the shadowing of one nucleon by
the other are also negligible. Only statistical
errors are shown on the graphs.

Figure 1 shows F„(x') for the neutron. The
data show no significant variation with q' or s,
and the structure functions are equal, within sta-
tistics, to those for the proton. Figure 2 shows
the forward charge ratio X'/X for the neutron
plotted as a function of ~. Also shown are the
proton data from this experiment and other pro-
ton and neutron data. ' The value of ~ used for
our data is the average value for the events in
the q'-s ranges of Fig. 1. The solid lines in Fig.
2 are fits to the data of Dakin et al. ' based on a
simple quark model' of the proton and neutron.

those from the neutron and the proton. This leads
to
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FIG. 1. E„(x') for the neutron for various q -s
ranges. The line is 0.35 exp(-3.25x'). Curves A. and

C, 0.5 q &3 GeV; curves B andD, 3&q &10 GeV;
curve E, q & 10 GeV .

Our data are consistent with these fits. In this
quark model the neutron and proton are com-
posed of a sea of quark-antiquark pairs as well
as valance quarks. At high v most of the virtual-
photon interactions are expected to be with the
quark sea which is charge symmetric. The sim-
ilarity of the neutron and proton data at high v
and the fact that the charge ratios tend to 1 as w

increases is evidence for this sea.
The neutron and proton data are similar. From

here on we treat the deuteron as if composed of
two independent and equivalent nucleons. The
rest of the results are from the deuterium data
only.

It is of interest to compare the hadronic struc-
ture function for muon-nucleon scattering with
that from electron-positron collisions. Figure 3
shows E(x') for the deuterium data compared to
the analogous structure function for electron-
positron annihilation. ' The variable and struc-
ture function for annihilation is diQerent in de-
tail from F(x') used here but for x' & 0.2 it is es-
sentially the same. Table I describes the func-
tions plotted. The similarity of the photon and
annihilation data is striking. This feature is pre-
dicted by a quark model. '

Hadron production by scalar and transverse
virtual photons can produce interference terms
in the azimuthal distributions of hadrons about

FIG. 2. Ratio of positive to negative charged hadrons
as a function of average & for this and other experi-
ments. The solid lines are the fits mentioned in the
text. The x' cuts are 0.4&x' &0.85 for this experiment
and Dakin et 4., 0.3&x'&0.7 for Bebek et al.
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FIG. 3. Structure functions for processes described
in Table I.

the direction of the virtual photon. Most general-
ly we may write'

d0'
=A +EB—eC cos2y„d cpg

—2(e +e2)' 2D cosy„,

where y& is the azimuthal angle of the hadron
about the virtual photon referenced to the azi-
muthal angle of the leptons and e is the trans-
verse polarization of the virtual photon. The
data are binned as a function of Pr, x', q', and

No significant anisotropy is shown by the azi-
muthal distributions. Figure 4 shows do'/dye for
two ranges of q' and with x' cut to be clearly in
the region of photon fragmentation. The data
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TABLE I. Description of structure functions.

Interaction
Structure
function Variable c.m. energy

y*+N- 6+ +x

e++e h+x

E (x')

] da
4m'o dx

I Pll
g2 2 1/2(P fllax PT )

= 2p
&c.m.

s &100 GeV

s =55 GeV

have s & 20 (GeV)' and are summed over all P r
and &. Both are consistent with a constant dis-
tribution. Ravndal showed that the absence of
polarizations is consistent with a spin-~ parton
model.

To complete the description of the inclusive
hadron distributions we have fitted the P r' depen-
dence of the differential structure function (Zz/o')
x (d'a/dp„') as a function of x'. We have used the
form

dW EI, d

—2bP r2
p j+ 1+, M 1i

This is the transverse-momentum distribution
used in Ref. 1 but it is parametrized differently.
M is mainly determined by the low-x' data. We
have used the value of M determined at x'= 0.15
as a fixed parameter in fits to the data at other
x'. M is found to be 0.45+ 0.05 GeV.

Some of the data and the results of the fits are
shown in Fig. 5. The X' per degree of freedom
for the fits are consistent with statistical fluctua-
tions only. Also plotted is the directly measured
average transverse momentum (P r). Both b and

(P r) have a strong x' dependence; this behavior
and the magnitudes of b and (Pr) are typical of
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hadron-hadron collisions. ' The value of (E„/c')
&& (d4/dpi'') at P r' = 0 is in good agreement with
the lower-energy measurements of Bebek et al.'

We conclude the following. (i) The photon-pro-
duced hadron-inclusive distributions are consis-
tent with a simple spin-& quark model. This is
shown by the charge ratios, the similarity of
E(x') for both neutron and proton, the apparent
lack of azimuthal hadron polarization, and the
agreement of our measurements with those at
lower energy. (2) Hadronic transverse-momen-
tum distributions produced by virtual photons
are similar to those produced in hadron-hadron
interactions.

We thank the staffs of Fermilab, of our home
institutions, and of the Rutherford Laboratory
whose help made this work possible.
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FIG. 4. Azimuthal cross section for hadrons.

FIG. 5. The differential structure function (E„/o)
&& (d3a/dp„'); (a) typical data with fits (b), (c) fitted pa-
rameters as functions of x'; (d) average transverse
momentum measured directly.
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Theorem on 7I» Decays and Electron-Muon Universality~
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We show that the coefficient of the logarithmic lepton-mass singularity in the radiative
corrections of order o' to the total &» decay probability is not affected by the strong in-
teractions and can therefore be rigorously computed. The phenomenological implica-
tions of this result and its connection with electron-muon universality are briefly dis-
cussed.

For a long time the study of &» decays has been
one of the cornerstones of weak-interaction theo-
ry. Roughly at the time of the discovery of the
electron decay mode, Berman and Kinoshita pub-
lished their pioneering calculations of the order-
+ corrections to these processes, neglecting the
effects of the strong interactions. " In particular
Kinoshita calculated the corrections to the total
decay probability and found a surprisingly large
result. More recently, the calculation was re-
peated on the basis of a renormalizable model in
which the & is treated as a member of a Higgs
multiplet and essentially the same answer was
obtained. ' To this date it has remained unclear
whether the results of the early calculations are
merely properties of the peculiar models assumed
or whether they apply to the real world. In this
paper we answer this question to a considerable
extent by means of the following theorem: "The
coefficient of the logarithmic lepton-mass singu-
larity (lms) in the radiative corrections of order
u to the total v» decay probability is not affected
by the strong interactions and can therefore be
rigorously computed. "4 In proving this theorem
we assume that the weak and electromagnetic in-
teractions are described by a renormalizable
gauge theory in which e- p, universality is natural
and we neglect corrections of order G~'. As we
will see, the theorem does not hold in general
for partial decay probabilities.

In the gauge theories under consideration, the
interaction of the W mesons with leptons and had-

(a) (b)

FIG. 1. Diagrams involving the strong interactions
which contribute to lms.

rons is described by

~„,= —(g/v 2)(J +L )Wyt+H. c.,
where I- = v, y ac+a&y a p. +. . . and J = —, coso~X X

x(V" —A ) +. . . are the leptonic and hadronic cur-
rents, a= —,'(1-y,), and. . . indicates the possible
contributions of heavy leptons and currents which
carry strangeness, charm, and other possible
flavors.

Virtual corrections. —We recall that the lms
can arise because in the limit of zero lepton
mass the invariants k' and l.k (k and l are the
photon and lepton four-momenta) may vanish for
quanta of nonzero frequency. A moment's thought
tells us that aside from the usual field renormal-
ization of the lepton, the only other virtual dia-
gram that contributes to the lms is the one de-
picted in Fig. 1(a). (In nonphotonic diagrams,
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